Objective-The objective of this study was to determine whether the potent selective cannabinoid receptor-1 antagonist rimonabant has antiatherosclerotic properties. Methods and Results-Rimonabant (50 mg/kg/d in the diet) significantly reduced food intake (from 3.35Ϯ.04 to 2.80Ϯ0.03 g/d), weight gain (from 14.6Ϯ0.7 g to Ϫ0.6Ϯ0.3 g), serum total cholesterol (from 8.39Ϯ0.54 to 5.32Ϯ0.18 g/L), and atherosclerotic lesion development in the aorta (from 1.7Ϯ0.22 to 0.21Ϯ0.037 mm 2 ) and aortic sinus (from 101 000Ϯ7800 to 27 000Ϯ2900 m 2 ) of LDLR Ϫ/Ϫ mice fed a Western-type diet for 3 months. Rimonabant also reduced plasma levels of the proinflammatory cytokines MCP-1 and IL12 by 85% (PϽ0.05) and 76% (PϽ0.05), respectively. Pair-fed animals had reduced weight gain (6.2Ϯ0.6 g gain), but developed atherosclerotic lesions which were as large as those of untreated animals, showing that the antiatherosclerotic effect of rimonabant is not related to reduced food intake. Interestingly, rimonabant at a lower dose (30 mg/kg/d in the diet) reduced atherosclerosis development in the aortic sinus (from 121 000Ϯ20 000 to 62 000Ϯ11 000 m 2 , 49% reduction, PϽ0.05), without affecting serum total cholesterol (7.8Ϯ0.7 g/L versus 8.1Ϯ1.3 g/L in the control group). Rimonabant decreased lipopolysaccharide (LPS)and IL1␤-induced proinflammatory gene expression in mouse peritoneal macrophages in vitro as well as thioglycollateinduced recruitment of macrophages in vivo (10 mg/kg, po bolus).
R imonabant is the first cannabinoid receptor type 1 (CB1) antagonist to reach advanced development for the treatment of obesity and the associated cardio-metabolic disorders in humans. 1, 2 The role of the endocannabinoid system in different physiological and pathological mechanisms is now being more and more recognized. 3 The main endocannabinoids anandamide (arachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2-AG) are produced during cellular activation and activate G protein-coupled receptors, two of which, CB1 and CB2 receptors, have been cloned and characterized biochemically. Whereas CB1 receptors are mainly expressed in the brain, CB2 receptors have been localized essentially to immune cells, but both receptors are also present in cardiovascular tissues, albeit at lower levels. 3 CB2 receptor activation has been shown to attenuate tumor necrosis factor (TNF)␣-induced smooth muscle 4 and endothelial cell 5 activation and leads to decreased atherosclerosis in ApoE-deficient mice, 6 clearly demonstrating the role of CB2 receptors in the progression of atherosclerosis. The role of CB1 receptors in atherosclerosis is less clear, although the protective effects of CB1 receptor inhibition on doxorubicininduced cardiotoxicity 7 and contractile dysfunction in cirrhotic animals 8 point to a potential interest of CB1 receptor blockade in cardiovascular disorders.
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However, obesity by itself is now generally recognized as a significant risk factor for atherosclerosis and cardiovascular disease, 9, 10 and leads to increased levels of circulating endocannabinoids 11 and dysregulation of the adipose tissue endocannabinoid system. 12 Recent studies have shown that fat tissue is not a simple energy storage organ but exerts important endocrine and immune functions. These are achieved predominantly through release of adipocytokines like leptin or adiponectin, as well as some more classical cytokines including MCP-1 and IL12. These cytokines are probably released by inflammatory cells infiltrating fat, eg, macrophages, and might aggravate the preexisting proinflammatory condition in atherosclerotic lesions. 10 Although the significant weight loss induced by rimonabant is therefore of potential interest in the field of atherosclerosis, rimonabant has also been shown to produce an improvement in other cardiovascular risk factors, eg, a decrease of the LDL/HDL cholesterol ratio and triglycerides in overweight patients, 13 and also C reactive protein in dyslipidemic obese patients. 14 The effects of rimonabant on these secondary end points could only partly be explained by weight loss, suggesting that rimonabant has additional metabolic or protective effects leading to a further decrease in risk factor levels.
Considering the beneficial effect of rimonabant on serum lipid parameters in patients as well as animal models, 15 rimonabant would be expected to decrease atherosclerotic lesion development. However, atherosclerosis is a multifactorial disease, and besides dyslipidemia, inflammation is now recognized as one of the major factors influencing the course of the disease. Interestingly, rimonabant has been shown to reduce the levels of the proinflammatory cytokine TNF␣ in a model of obesity-associated hepatic steatosis, 16 and is able to inhibit LPS-induced TNF␣ increase 17 and adjuvant-induced arthritis in rats, 18 suggesting that it might be able to directly or indirectly decrease the inflammatory component of atherosclerotic plaque progression.
To assess the potential effect of rimonabant on atherosclerosis, we have now evaluated the effect of this compound in several in vitro and in vivo models related to lesion formation. As a first step, the effect of rimonabant on lesion development was studied in LDLR Ϫ/Ϫ mice on high-fat diet. This mouse model of atherosclerotic lesion development is particularly interesting, because it has been shown previously that male LDLR Ϫ/Ϫ mice are more sensitive than apoEdeficient mice (ApoE Ϫ/Ϫ ) to diet-induced obesity, 19 and rimonabant is essentially targeted to obese and diabetic patients. To clarify the mechanism of action of rimonabant, we also determined whether rimonabant is able to modulate inflammatory gene expression in macrophages, which are one of the major cell types involved in atherosclerotic lesion progression. The effect of rimonabant on macrophage recruitment in vivo was also assessed.
Materials and Methods
For expanded Materials and Methods, please see the online data supplement, available online at http://atvb.ahajournals.org.
Mice
Male LDLR-deficient mice (LDLR Ϫ/Ϫ ) on a C57BL/6 background were obtained from Charles River Company, L'Arbresle, France, at the age of 3 months. Western diet (0.21% cholesterol; 20% fat) with or without rimonabant was from Research Diets. Mice were weighed every week and food ingestion was measured every day to restrict the food intake of the pair fed group. All procedures and care of animals were approved by the Animal Care and Use Committee of sanofiaventis R & D.
Determination of Atherosclerosis, Serum Lipoproteins, and Cytokines
For atherosclerotic area determination, thoracic and abdominal segments of the aorta were opened longitudinally, pinned onto paraffin, and stained with Sudan black B. Serum lipoprotein and cytokine levels were measured by commercially available enzymatic or ELISA kits.
Peritoneal Macrophage Isolation and Cell Culture
Murine thioglycollate-elicited peritoneal macrophages were isolated as described (Bellosta et al, 1998) . Macrophage mRNA levels were measured by quantitative polymerase chain reaction (PCR).
Peritonitis Model of Macrophage Recruitment
Female CB1R ϩ/ϩ and CB1R Ϫ/Ϫ mice on the C57Bl/6 background between 8 and 14 weeks of age were used (12 to 14 per group). Peritonitis was induced by a single intraperitoneal injection of 1 mL 4% thioglycollate.
Statistical Analysis
Statistical analysis of the in vitro experiment was performed using multivariate ANOVA tests followed by Scheffe post hoc test. In vivo experiments were analyzed using the nonparametric Kruskal-Wallis test or multivariate ANOVA tests followed by either Scheffe post hoc test or Dunnet post hoc test. Values of PϽ0.05 were considered as significant.
Results

Effect of Rimonabant on Atherosclerosis in LDLR ؊/؊ Mice Fed a Western-Type Diet as Compared to Pair-Fed Mice
As rimonabant would be expected to reduce food intake, a first experiment was designed to allow discrimination between effects of rimonabant resulting from a reduction of food intake and other effects of rimonabant. Therefore, 4 different groups of LDLR Ϫ/Ϫ mice were used: one group of mice was fed a standard diet (3% fat, no cholesterol), one group was fed a Western diet (0.21% cholesterol and 20% fat) ad libitum, a third group was fed a Western diet containing rimonabant (0.45 g/kg of food), and finally one group was fed Western diet but with access to food restricted to the mean amount of food consumed by the rimonabant-fed group of mice (pair fed group).
As shown in Figure 1A , during a 3 month period, the weight of LDLR-KO mice fed a Western diet increased significantly more than the weight of the standard diet group, even though the Western diet group ate less food than the standard diet group ( Figure 1B) . Actually, when food intake was expressed on energy (J) and not on a weight (g) basis, the daily calorie uptake was slightly higher for mice fed Western diet as compared to chow diet (65.9Ϯ0.8 versus 63.0Ϯ0.7 kJ/d, respectively).
Rimonabant had a strong effect on the body weight of treated mice. Indeed, their weight did not increase over time, and stayed below the weight of the standard diet group. As shown in Figure 1B , the food intake of the rimonabant-treated group was decreased in comparison to the Western diet group. The average food intake of the rimonabant group was 2.8 g per day, giving a calculated dosage of approximately 50 mg/kg. This effect of rimonabant on food intake was expected because it has already been reported in prior studies. 20, 21 Nevertheless, the weight loss in the rimonabant-treated group was more pronounced than in the pair fed group, showing that the effect on weight loss is not only attributable to a restriction in food intake.
LDLR-KO mice maintained on a standard chow diet had a higher level of cholesterol (total or LDL fraction) than control C57BL/6 mice, but their level of triglycerides was close to the value in control C57BL/6 mice (supplemental Table I ). The serum lipid levels were dramatically increased after a 3-month period of Western diet. Surprisingly, the pair-fed group which had a restricted access to food had lipid levels which were comparable to the levels of the Western diet group. Rimonabant (50 mg/kg) reduced lipid levels by 37% for total cholesterol, 50% for LDL cholesterol and 41% for triglycerides (supplemental Table I ). On a reduced number of animals, (nϭ5), the results on total and LDL cholesterol were confirmed by highperformance liquid chromatography (HPLC) analysis and showed an increase in HDL cholesterol (48%) for the rimonabant treated group (not shown). Whatever the diet, LDLR Ϫ/Ϫ mice after a 3-month period had normal glycemia and insulinemia. They did not develop any diabetes.
LDLR Ϫ/Ϫ mice did not develop significant atherosclerotic lesions when fed a standard diet for 3 months, although older animals are known to develop spontaneous lesions under these conditions. Conversely, fatty streak formation in the aorta was dramatically increased after a 3 month period of Western diet (supplemental Figure IA and Figure 2A) . Similarly, the atherosclerotic plaque size was dramatically increased in the aortic sinus in the Western diet group compared with the standard diet group (supplemental Figure  IC and Figure 2B ). More interestingly, the levels of atherosclerotic lesions were identical in the aorta or in the aortic sinus whatever the Western diet group, fed ad libitum or pair-fed to the rimonabant group. A 3-month treatment with rimonabant nearly abolished the atherosclerotic development in the aorta (90% reduction compared with pair-fed group, PϽ0.001) or in the aortic sinus (70% reduction, PϽ0.01).
To clarify the mechanism of action of rimonabant, the serum levels of some adipokines and chemokines were also measured. Serum leptin increased after a 3-month period of Western diet from 8.7Ϯ1.1 ng/mL in the standard diet group to 45.8Ϯ6.5 ng/mL in the Western diet group fed ad libitum (supplemental Table II ). In the group with a restricted access to food (pair-fed group) leptin levels were lower at 16.8Ϯ2.5 ng/mL. In the group treated with rimonabant, circulating leptin levels were dramatically reduced reaching a value of 0.53 ng/mL, much lower than the value obtained in the standard diet group.
In contrast, adiponectin levels were identical in untreated animals, whatever the composition of the diet or the food intake (supplemental Table II ). Interestingly, in the rimonabant-treated group, the levels of adiponectin were significantly increased in comparison to the pair fed group, from 6.9Ϯ0.5 g/mL to 8.1Ϯ0.5 g/mL (PϽ0.05).
To assess the inflammatory state of the animals, MCP1, IL12p40/p70, and vascular cell adhesion molecule (VCAM)-1 levels were also determined. For these 3 proteins, the levels increased during the 3 month-period of Western diet, showing that this diet was able to induce an inflammatory state. The restriction of food intake in the pair-fed group had no influence on any of the 3 markers. Conversely, rimonabant treated animals had significantly reduced MCP-1, IL12p40/p70, and VCAM-1 levels (supplemental Table II ).
Dose-Effect of Rimonabant on Atherosclerosis in LDLR ؊/؊ Mice Fed a Western-Type Diet
Considering the impressive effects of rimonabant, a second study was designed to test lower doses of rimonabant. Two groups of animals treated with different doses of Rimonabant (average dose of 10 mg/kg and 30 mg/kg in the diet) were compared to a Western diet group. Although doses were lower, rimonabant again induced a decrease in body weight as compared to the untreated animals: final weights at the end of the 3-month treatment were reduced by 15% (PϽ0.001) and 20% (PϽ0.001) in the 10 mg/kg-and 30 mg/kg-treated animals, respectively (supplemental Table III ). Again, triglyceride levels were also decreased; they were respectively 27% (ns) and 49% (PϽ0.05) lower in the 10 mg/kg group and 30 mg/kg-treated groups as compared to the control group (supplemental Table  III ). In this study, triglyceride levels in the control group were higher than in the previous study because blood was withdrawn without fasting the animals.
Interestingly, total cholesterol and LDL cholesterol levels were not significantly different between the control group and the rimonabant 10 mg/kg-treated group. In the rimonabant 30 mg/kg-treated group, total cholesterol was decreased by 4% (ns) and LDL cholesterol by 14% (ns, supplemental Table  III) . As in the previous study, no changes in glycemia or insulinemia were observed between the groups.
In this study, the fatty streak lesions in the thoracic aorta covered a surface of 1.1Ϯ0.37 mm 2 , which is comparable to the area obtained for the untreated Western diet-fed group of the first study (1.60Ϯ0.13 mm 2 ; Figure 2C ). A 67% to 68% reduction of lesion size was observed in atherosclerosis development for both the 10 mg/kg-and 30 mg/kg-treated groups (0.34Ϯ0.12 mm 2 (Pϭ0.065) and 0.35Ϯ0.09 mm 2 (Pϭ0.068), respectively. At the aortic sinus level, the cumulative plaque surface was 121 000Ϯ20 000 m 2 in the control animals, again in the same range as the untreated group of the first study. In the rimonabant 10 mg/kg-treated group, the aortic sinus plaque area was reduced by 9% (110 000Ϯ15 000 m 2 , ns), whereas, in the rimonabant 30 mg/kg-treated group, the plaque area was 49% smaller than in control animals (62 000Ϯ11 000, PϽ0.05; Figure 2D ).
As could be expected from the effect on animal weight, rimonabant significantly decreased leptin levels both at 10 mg/kg and 30 mg/kg (by 57% [PϽ0.05] and 74% [PϽ0.001] respectively, supplemental Table III ). Adiponectin levels were slightly, but not significantly, increased at the 30 mg/kg dose, whereas MCP-1 levels were not significantly affected (supplemental Table III ).
Effect of Rimonabant on Inflammatory Gene Expression in Mouse Peritoneal Macrophages
Taking into consideration the effects of rimonabant on inflammatory marker levels in vivo, we also determined whether rimonabant is able to reduce inflammatory markers in macrophages, one of the main cell types involved in atherosclerosis-related inflammation. As expected, LPS (Figure 3A) and IL1␤ ( Figure 3B ) induced a strong increase in IL6, TNF␣, and MCP1 expression in mouse peritoneal macrophages. This effect was identical in macrophages from male and female animals (relative IL6, TNF␣, and MCP1 levels were 4860Ϯ840 versus 4670Ϯ1500, 98Ϯ37 versus 78Ϯ17, and 430Ϯ84 versus 401Ϯ41 in male versus female animals, respectively). Rimonabant (0.3 to 1 mol/L) significantly reduced LPS as well as IL1␤-induced IL6 and TNF␣ mRNA expression, but did not significantly affect MCP1 mRNA levels in these cells. Similar effects were also observed in RAW 264,7 murine macrophages (supplemental Figure II) . To determine whether these effects of rimonabant are attribtuable to CB1 receptor blockade, the same experiments were performed in parallel in peritoneal macrophages from CB1-receptor wild type (CB1R ϩ/ϩ ) and CB1-receptor 
Effect of Rimonabant on Macrophage Recruitment in a Mouse Model of Thioglycollate-Induced Peritonitis
Resistance to thioglycollate injection induced macrophage recruitment into the peritoneal space has been correlated with atherosclerosis resistance in different mouse strains. 22 Although the effect of thioglycollate was not different in CB1R ϩ/ϩ and CB1R Ϫ/Ϫ mice (Figure 4) , rimonabant (10 mg/kg, po bolus) significantly reduced thioglycollate-induced macrophage recruitment in CB1R ϩ/ϩ mice (37% reduction, PϽ0.01), but was inactive in CB1R Ϫ/Ϫ mice.
Discussion
The beneficial effects of rimonabant on weight, serum HDL/ LDL cholesterol ratio, triglyceride levels, and serum inflammatory markers in clinical studies suggest that this compound might reduce atherosclerotic lesion development in obese patients. Western diet-fed LDLR Ϫ/Ϫ mice barely develop lesions on normal diet, but gain weight and develop extensive lesions on a high-fat Western-type diet, 19, 23 and would therefore be expected to at least partially mimic the patient population used in the clinical studies of rimonabant.
Interestingly, a 3-month treatment of LDLR Ϫ/Ϫ mice with rimonabant (10 to 50 mg/kg/d) incorporated into Western diet resulted in a dose-dependent inhibition of atherosclerosis development in the aorta and aortic sinus, together with a decrease in body weight, which was even stronger than the effects reported in previous studies in high-fat fed mice. 15, 21 However, the lesion size in pair-fed animals did not differ significantly from the lesion size in Western diet-fed untreated animals, demonstrating that the antiatherosclerotic effect of rimonabant was not related to inhibition of food intake.
Surprisingly, the relationship between atherosclerosis reduction and reduction of serum cholesterol and inflammation markers appeared to be nonlinear. Actually, serum triglycerides and leptin levels were already decreased at low doses (30 and 10 mg/kg/d, respectively), whereas serum cholesterol, IL12, and MCP-1 were only reduced, and adiponectin was only increased, at the highest dose of rimonabant (50 mg/kg/d). This clearly suggests a complex mechanism of action for the antiatherosclerotic effect of rimonabant, with some mechanisms, like decreased leptin and perhaps triglyceride lowering, being present at low doses of rimonabant and others, like serum cholesterol changes and adiponectin, additionally playing a role at higher doses. However, the serum cholesterol decrease at a high dose of rimonabant was much stronger than the decrease observed in humans, 13 suggesting that the importance of this effect might be exacerbated in mice as compared to patients.
Weight loss was already present at the lowest dose of rimonabant and must therefore be taken into consideration as one of the potential determinants of the antiatherosclerotic effect of rimonabant. Actually, although the link between obesity and cardiovascular disease is still unclear, emerging evidence indicates that factors produced by adipose tissue may directly influence vascular disease. Leptin, one of these factors, is produced primarily by adipocytes, and leptin levels are correlated to body mass index in rodents and humans. 24 Recently, an association between elevated leptin levels and cardiovascular events has been demonstrated in patients, 25 exogenous leptin has been shown to increase atherosclerosis in apoE Ϫ/Ϫ mice, 26 and the adipokine has been shown to modulate the development of atherosclerosis in LDLR Ϫ/Ϫ mice through the immune response. 27 As rimonabant at 30 mg/kg/d normalized leptin levels of Western diet-fed mice to the levels found in mice on normal chow diet, the effect of rimonabant on leptin levels could clearly contribute to the antiatherosclerotic effect of the lower doses of the compound. Interestingly, the reductions in leptin levels induced by rimonabant were more pronounced than expected from the weight reduction alone, especially at the higher dose. As inflammatory cytokines are known to induce leptin expression, 28 and rimonabant at the highest dose reduced inflammatory cytokine levels, one possible mechanism for this additional effect of rimonabant could be related to a decrease of leptin expression after inhibition of inflammation in the animals.
Low doses of rimonabant have actually been shown to exert antiinflammatory effects in several different inflammation-related animal models, 16 -18 and this also suggested the idea to check whether the antiatherosclerotic effects of rimonabant could be consistent with an antiinflammatory effect at lower doses of the compound. The lower dose of rimonabant, which remained antiatherosclerotic (30 mg/kg/d), reduced circulating MCP1 levels by more than 20%, but this effect did not reach statistical significance. However, MCP1 levels in atherosclerotic animals were quite fluctuating, and we therefore used a direct induction of the stronger inflammation induced by LPS to study the potential antiinflammatory effects of rimonabant. The in vitro effects of rimonabant on LPS or IL1␤-induced expression of IL6 and TNF␣, but not MCP1, suggest that rimonabant, without being an outright antiinflammatory compound, might modulate inflammation through the expression of some proinflammatory factors. In this respect, TNF␣ is particularly interesting, because local loss of TNF receptor-1 in the arterial wall has recently been shown to be sufficient to decrease atherosclerosis progression, 29 and the antiatherosclerotic effect of systemic TNF␣ inhibition is now well established. 30, 31 In addition to its proinflammatory effects on cells in the vascular wall, TNF␣ might also induce a proatherogenic serum lipid profile, 32 suggesting that the inhibition of TNF␣ production might play a role in the antiatherosclerotic effects of rimonabant. The fact that the effect of rimonabant on IL6 and TNF␣ expression persisted in macrophages from CB1R Ϫ/Ϫ mice clearly demonstrates that this effect is unrelated to CB1 receptor blockade, in contrast to the effect of rimonabant on LPS-induced TNF␣ induction in vivo, but in a similar way to the effect of rimonabant on indomethacin-induced intestinal ulcers. 17 These data therefore strengthen the case for a modulation of inflammatory pathways by rimonabant, although the exact biochemical mechanism and in vivo relevance of this effect remain to be determined.
To determine whether these antiinflammatory effects of rimonabant could translate to in vivo effects at a similar dose, the effect of rimonabant on thioglycollate-induced macrophage recruitment was also assessed in normal and CB1 receptordeficient mice. Interestingly, whereas rimonabant was able to significantly decrease macrophage recruitment, this effect was absent in CB1R Ϫ/Ϫ mice, showing that this effect is related to CB1 receptor blockade by rimonabant. The level of thioglycollate-induced macrophage recruitment is correlated with atherosclerosis resistance in different mouse strains, 22 and the inhibitory effects of rimonabant therefore suggest that part of the effects of rimonabant might be related to inhibition of macrophage recruitment to atherosclerotic lesions.
Up to now, rimonabant is approved in Europe, but not in the United States, because of the FDA's concerns about potential neuropsychiatric side effects. Recently, the data from the first clinical trial (STRADIVARIUS) designed to determine the antiatherosclerotic effect of rimonabant in patients by intravascular ultrasound (IVUS), became available. 33 Although the effect of rimonabant on the primary end point (percent atheroma volume) did not reach statistical significance during the 18-month treatment period, rimonabant significantly decreased total atheroma volume, a secondary end point in this study. These first clinical data suggest that rimonabant indeed holds promise in the treatment of atherosclerosis, although longer treatment durations may be necessary to show this effect conclusively. The results from the ongoing CRESCENDO trial (5-year duration of treatment, NCT00263042), which directly measures cardiovascular outcomes, should clarify this point. 34 In summary, in LDLR Ϫ/Ϫ mice fed a Western-type diet, rimonabant shows dose-dependent antiatherosclerotic effects which are absent in pair-fed animals. Whereas high doses increase the HDL/LDL cholesterol ratio and nearly abolish atherosclerotic lesion development, lower doses significantly decrease atherosclerosis without any effect on cholesterol levels but decrease circulating leptin levels. Rimonabant decreases the LPS-induced expression of IL6 and TNF␣ levels in mouse macrophages in vitro and thioglycollate-induced macrophage recruitment in vivo. It can therefore be concluded that rimonabant shows potent antiatherosclerotic effects in LDLR Ϫ/Ϫ mice on Western diet and that these effects are not solely attributable to its effects on cholesterol levels, but probably related to a decrease of inflammation by rimonabant.
